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The temperature dependence of the energy relaxation of photoexcited (PE) carriers is used as
a probe of the electronic structure of YBa2Cu3O7−δ in the insulating (δ ≈ 0.8) and metallic (δ ≈
0.1) phases. The energy relaxation rate to phonons is obtained by measuring the non-equilibrium
phonon occupation number, nneq , with pulsed Raman Stokes/anti-Stokes spectroscopy using 1.5
and 70 ps long laser pulses. We can distinguish between relaxation via extended band states and
localized states, since theoretically in the former, the relaxation is expected to be virtually T -
independent, while in the latter it is strongly T -dependent. From the experiment - which shows
strong temperature dependence of nneq - we deduce that at least part of the PE carrier relaxation
proceeds via hopping between localized states and we propose a simple theoretical model of the
relaxation process. In addition, we compare the coupling of different vibrational modes to the
carriers to find that the apical O vibrational mode is significantly more involved in the energy
relaxation process that the in-plane 340 cm−1 mode. This implies that the localized states are
mainly (but not entirely) coupled to out-of plane vibrations.
I. INTRODUCTION
An important question in high-Tc cuprates is whether the carriers that lead to superconductivity in these materials
can be described to be in localized polaronic (magnetic or phononic) states or are in extended, band-like states,
albeit somewhat deviating from usual Fermi Liquid behavior due to the shape of the Fermi surface. Since both views
can be supported by experimental observations1, either dual interpretations are possible, whereby the experimental
data can be explained in either picture, or actually both types of carriers are present simultaneously. The latter
immediately leads to the possibility of a two component superconductivity scenario, for example a Boson-Fermion
scenario2 or a 2+1 dimensional superconductivity scenario3 or even excitonic superconductivity4. Experimentally, the
presence of localized states in the metallic phase of the cuprates is suggested (amongst others) by photoconductivity
measurements on the insulating precursor YBa2Cu3O7−δ (0.6< δ <1.0)
5, which show unambiguously that i) there are
states within 2 eV of EF which are localized and ii) that at the insulator–to-metal transition only the carriers near
EF change their character giving rise to a cross-over from semiconducting to insulating low-frequency conductivity
σ(ω → 0), while σ(ω) for > 800 cm−1 (0.1 eV) changes only gradually with doping and thus it is quite likely that
states further away from EF remain localized and Fermi glass-like in the metallic phase.
In general, it is not possible to ascertain whether electronic states are localized or extended using spectroscopy
methods which measure the single particle or joint density of states. More indirect methods are required, especially
for | E −EF |> kT . By investigating the process of carrier relaxation and energy loss from photoexcited states using
Raman spectroscopy, we present evidence of temperature-activated PE carrier relaxation through localized states
within ∼2 eV of EF in insulating and metallic YBa2Cu3O7−δ (with δ ≈ 0.8 and δ ≈ 0.1 respectively).
To enable quantitative measurements of the phonon occupation numbers and avoid possible misinterpretation of
these results, we have employed extensive calibration and correction procedures to quantitatively measure the Raman
Stokes and anti-Stokes intensities enabling an accurate interpretation of the carrier relaxation process. These are
described in detail in the first Section of the paper. In the second Section, we present the experimental results for
different YBCO samples with a discussion of calibration procedures and possible artifacts, and in the Discussion we
first discuss the connection between the carrier relaxation and the observable quantities, then we suggest a model to
explain the relaxation process and finally discuss the origin of the localized states in the context of the established
knowledge about the electronic structure of the material. The conclusions regarding the existence of localized states
are reached without assumptions about the mechanism for the electron-phonon interaction and the PE process.
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II. EXPERIMENTAL TECHNIQUE AND INTENSITY CALIBRATION PROCEDURE
The experimental technique used to measure the phonon shake-off entails the measurement of the non-equilibrium
phonon occupation number nneq by measurement of the Stokes (S) and anti-Stokes (A) Raman scattering intensities
on a picosecond timescale. Details of the pulsed Raman scattering experimental setup have been given previously6.
The experiment is performed by exciting carriers and simultaneously measuring Raman scattered light with 1.5 ps or
70 ps laser pulses. These are generated by frequency doubling a pulse-compressed (1.5 ps) or non-compressed (100 ps)
mode-locked Nd:YAG laser. The resulting photon energy 2.33 eV (532 nm) is sufficient to excite inter-band transitions
in the material both within the CuO2 planes and between the CuO2 planes and the Cu-O chains depending on the
polarization of the incident light.7 The photon flux used is typically 1013 photons/cm2/pulse, with estimated peak
PE-carrier densities nc ≈ 10
18 cm−3.
The measurements of nneq were performed on YBCO single crystals with δ ≈ 0.1 (twinned) and δ ≈ 0.8 mounted
in a liquid-He flow cryostat. The data are analyzed for the Ag oxygen 340-cm
−1 plane-buckling vibration (B1g in
tetragonal symmetry) and the Ag(A1g) 500-cm
−1 apical O(4) Raman-active vibrations. The integrated intensities of
the S and A phonon lines are obtained by fitting to either a Gaussian or Lorentzian lineshape in the temperature
range 100 - 320 K. The Gaussian lineshape was mainly used for the 340 cm−1 mode, where the frequency resolution
of the spectrometer limited the linewidth.
The ratio of the Stokes and anti-Stokes Raman intensities in backscattering geometry is given by:
IS (t)
IA (t)
=
ξ (ωL , ωS)
ξ (ωL, ωA)
ωSη (ωS)
ωAη (ωA)
Θab (ωL, ωS , ωp)
Θba (ωA, ωL, ωp)
np (t) + 1
np (t)
. (1)
Here ωp is the phonon frequency, np is the phonon occupation number, h¯ωL is the incident-photon energy, h¯ωS and
h¯ωA the S and A scattered-photon energies respectively, η(ω) is the frequency dependent refractive index of the
crystal and Θab is the appropriate Stokes component of the Raman tensor for incident polarization a and scattered
polarization b while Θba is the same for anti-Stokes scattering. We take into account that due to time-reversal
symmetry Θab (ωL, ωA,−ωp) = Θba (ωA, ωL, ωp)
8. The factor ξ(ωL, ω) takes into account penetration depth and
reflection of incident and scattered light on the surface of the crystal at ωL and ωS or ωA, as well as diffraction of the
scattered light upon exiting the crystal9:
ξ(ωL, ω) =
(1−ℜ(ωL)) (1−ℜ(ω))
κ(ωL) + κ(ω)
1
η2(ω)
, (2)
where ℜ(ω) and κ(ω) are the reflectivity and the absorption coefficients respectively.
Since it is known from experiment that the photoinduced reflectivity change ∆ℜ/ℜ ∼ 10−3 for photoexcited carrier
densities10 of ∼ 1021cm−3, we assume that the change in optical constants by photoexcited carriers with our carrier
densities typically of ∼ 1018cm−3 is sufficiently small to ignore. Since the relevant matrix elements for both the
Raman and dielectric tensors are related to each other, we assume that the same also holds for the Raman tensor
Θ(ωL, ωs, ωp).
The non-equilibrium phonon occupation number is defined by nneq (t) = np (t)−neq (ωp , T ), where at temperature
T for a phonon with frequency ωp, neq is given by:
neq (ωp , T ) =
[
exp
(
h¯ωp
kBT
)
− 1
]
−1
. (3)
Since we are performing photoexcitation and Raman scattering with the same laser pulse, the measured non-
equilibrium phonon occupation number is a weighted time average over the probe laser pulse duration:
nneq =
∫
g (t)nneq (t) dt∫
g (t) dt
(4)
where g (t) represents temporal shape of the laser pulse.
To obtain accurate values of nneq one must take into account for the fact that magnitudes of the Raman tensor com-
ponents and the optical constants are different for S and A photons due to the finite width of the resonances with elec-
tronic states. Fortunately resonance Raman scattering (RRS) has been extensively investigated in YBa2Cu3O7−δ
11,12
and we use these data together with dielectric constant data7 to calculate nneq from the measured S and A intensities.
The spectrometer spectral response was calibrated by measuring the spectrum of a tungsten lamp mounted in place
of the sample. We assume that the lamp spectrum is proportional to a black-body spectrum in the frequency range
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of interest.13 Since there was a spread in the ratio of the spectral responses at ωS and ωA due to spectrometer grating
filling effects and lamp alignment, we averaged over several calibration cycles to determine the spectrometer response.
To check our calibration procedure and whether the frequency dependence of the Raman tensor and optical constants
taken from the literature give the correct value of np, the CW-laser intensity dependence of the phonon temperature
Tp was determined from the IS/IA ratio. The phonon temperature is then given by
Tp =
h¯ωp
kB ln
(
γp
IS
IA
) (5)
where γp is the calibration constant to be determined for the phonon p including correction factors for the frequency
dependence of the spectrometer spectral response as well as the frequency dependence of the Raman tensor and optical
constants. To check whether γp is correctly determined, we measure Tp (as determined using Eq. 5) using a CW
laser as a function of laser power where under stationary conditions, the phonon temperature is equal to the lattice
temperature in the scattering volume. We find that Tp extrapolates to the ambient temperature at zero incident laser
power, confirming that our calibration procedure is correct and giving an error in Tp of less than a 10 K.
The lattice temperature T0 of the scattering-volume is somewhat higher than the ambient cryostat temperature due
to absorption of laser energy. This needs to be corrected for if we wish to obtain an accurate value for np(T ) from our
measurements. The temperature rise in the scattering-volume can be divided into two parts. The first part, ∆TCW
is a time-independent average rise of temperature which is a consequence of heat buildup in the sample. This is very
similar to the heating due to absorption of a CW-laser beam with equivalent beam parameters and average power,
and depends on the sample geometry, the sample thermal conductivities and thermal coupling of the sample to the
sample holder. Since all three components of the thermal conductivity tensor in YBCO are virtually temperature
independent down to 100K14, this is also true for ∆TCW . We thus use the room-temperature value of ∆TCW measured
with an Ar+-ion CW laser with a photon energy of 2.41 eV (c.f. 2.33 eV for the Nd:YAG) as a function of laser power
P0 to obtain an accurate calibration of ∆TCW versus P0.
The second correction is the transient temperature rise due to each pulse ∆Ttr, and is determined mainly by the
heat capacity of the scattering volume. We calculate15,16 that there is only a ∼ 50% increase in the transient part of
∆T for the 1.5 ps pulses in comparison to the 70 ps pulses, from which we deduce that most of the generated heat
remains in the scattering volume for the duration of the laser pulse. ∆Ttr is calculated
16 to be below 0.5 K/mW for
both 1.5 ps and 70 ps pulse lengths when focused to a 30 µm diameter spot. This is an order of magnitude smaller
than the observed phonon heating determined from the ratio of the S and A phonon intensities at room temperature
and is therefore neglected. Below 120 K, the non-equilibrium effects we are trying to measure become comparable to
the effects of the time dependent part of the temperature increase ∆Ttr, and so we do not discuss data below this
temperature.
III. EXPERIMENTAL RESULTS
A. The nonequilibrium phonon temperature and nonequilibrium occupation numbers
The normalized Raman spectra at different temperatures for YBCO with δ ≈ 0.1 are shown in Fig. 1 for the two
different polarizations showing the A and S spectra of the two phonons. We see that the A peaks become smaller
with decreasing temperature and disappear below 100 K. The temperature dependence of the nonequilibrium phonon
temperature ∆Tp, defined as ∆Tp = Tp − T0 is plotted in Figs. 2 and 3 for δ ≈ 0.8 and δ ≈ 0.1 respectively. In both
cases panel a) shows the apical 500 cm−1 phonon and panel b) the 340 cm−1 phonon values.
In the δ ≈ 0.8 sample (Fig.2), a significant nonequilibrium phonon heating is observed only for the 1.5 ps-pulse
excitation. The nonequilibrium apical-oxygen phonon heating is the most significant, reaching 250K at room temper-
ature. With decreasing temperature, the heating monotonically drops and it saturates at ∆Tp ∼ 30K below 100K.
On the other hand, the nonequilibrium planar-buckling-phonon heating is smaller and it drops faster with decreasing
temperature reaching a minimum around 150 K. Below 100 K, ∆Tp rises again with decreasing temperature because
of the drop in the heat capacity below this temperature results in a measurable transient increase in the lattice
temperature as discussed in the previous section.
In the δ ≈ 0.1 sample, similar nonequilibrium heating is observed for both laser pulse lengths at room tempera-
ture(Fig. 3). However, the actual values of ∆Tp are smaller than in the δ ≈ 0.8 sample. Temperature dependence of
the nonequilibrium apical-oxygen phonon heating is different for the different excitation-pulse lengths (Fig. 3a): with
1.5-ps pulse excitation, ∆Tp steeply drops with decreasing temperature and reaches zero between 200-250K. The drop
of ∆Tp with decreasing temperature is less steep with 70-ps laser excitation and saturates at ∼ 25K below 200K.
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The planar 340 cm−1 phonon in the δ ≈ 0.1 sample shows a smaller ∆Tp than the apical-oxygen (Fig. 3b) over
the whole range of temperatures, but the difference between phonons is less dramatic than in the δ ≈ 0.8 sample.
The difference in behavior at different pulse lengths is also less clear for the planar 340 cm−1 phonon due to a larger
scatter in the data, which is a consequence of the smaller Raman intensity for this phonon at the δ ≈ 0.1 doping.
Since the nonequilibrium-phonon occupation number nneq is related to the carrier relaxation rate, its temperature
dependence for both phonons is plotted in Arrhenius plots in Fig. 4 for δ ≈ 0.8 and Fig. 5 for the δ ≈ 0.1. The
important observation is that in all cases nneq shows a strong temperature dependence. Fitting the data with an
Arrhenius law, we obtain activation energies Ea in the range 56 - 210 meV in the metal (δ ≈ 0.1) depending on
pulse-length, and 60 - 110 meV in the insulating phase (δ ≈ 0.8). Below 120 K the transient laser heating becomes
comparable to the effect of nneq, which is probably the reason for the departure from the activated behavior (Fig. 5) at
low temperatures. In the metal, for the apical O vibration, measurement with both laser pulse lengths is possible and
we observe a significant difference in the activation energy in the two cases, which - as we shall see in the Discussion
- arises probably because of the effects of the temperature dependence of the effective carrier lifetime.
B. Discussion of possible artefacts in the Stokes/anti-Stokes ratios
In the measurement of Raman intensities, it is very important to take into account all possible effects, to avoid
erroneous interpretation of the results. We thus proceed with a detailed analysis of the possible artefacts with a
detailed justification of all the assumptions made. For the calculation of nneq from experimental S/A intensity ratios
at different temperatures it was assumed that correction factors and Raman tensor components in (1) are temperature
independent. These may nevertheless have some, albeit small temperature dependence, and so the approximation
was checked on the basis of data available in the literature. Since only the ratio of the correction factors and Raman
tensor components at the Stokes and anti-Stokes frequency appear in expression (1), the frequency dependent part of
the change of optical constants and the Raman-tensor component with changing temperature has the largest effect
on the calculated nneq, while the frequency independent part of the change has only little effect.
For in-plane polarized light (E||a, b) Holcomb et al.18 measured the thermal difference reflectance in a δ ≈ 0 YBCO
thin film. They find that the quantity
ℜ(ω, T )−1
∂ℜ(ω, T )
∂T
, (6)
is below 4 · 10−4K−1 around 2.3 eV photon energy in the 90-300K temperature range and the difference of its values
at ωS and ωA is below ∼ 10
−4K−1. By taking into account that the reflectivity around this energy7 is 0.14 the total
change of reflectivity in this temperature range is estimated to be ∼ 0.012, giving relative change of ∼ 8% with a
difference at ωS and ωA of ∼ 2%. Because this is too small to be observed in our measurements it is ignored.
Inferring further from the work of Fugol et al.19, the optical absorption in δ ≈ 0.15 YBCO film increases linearly
by ∼2% with increasing temperature in the temperature range 100K-140K. Extrapolating to room temperature this
would give a 10% increase at 300K. However, the increase is almost the same at 1.7eV and 2.7 eV indicating a
weak frequency dependence and hence this would have negligible effect on the ratio of S and A intensities. The
Raman-tensor component for the incident and scattered light polarizations parallel to the CuO2 planes decreases with
increasing temperature by ∼ 25%,20 but again the decrease is virtually the same at 2.34eV and 2.6eV and is very
similar at 1.92eV having no effect on the S/A ratio or nneq.
The changes of the frequency dependence of optical constants and the Raman-tensor component with temperature
for light polarized parallel to the CuO2 planes is therefore estimated to be small enough that the correction factors
for the planar buckling-phonon can be considered temperature independent in our experiment.
Regarding the c-axis polarized optical response, as far as we are aware there are no published temperature de-
pendence data for the visible region. However, for δ ≈ 0.1 the low temperature resonant Raman scattering data11
give the same value of the S/A intensity correction factor at room temperature as measured by the CW Ar+ laser
measurement, indicating that its temperature dependence is negligibly small.
For δ ≈ 0.8, the experimental data on the temperature dependence of optical response in visible region are also
not available. The data of Fugol et al.19 indicate that absorption for light polarized parallel to the CuO2 planes in
a δ ≈ 0.7 YBCO film is almost temperature independent at 2.7 eV while it shows temperature dependence in the
region of the 1.75-eV Cu-O charge-transfer absorption peak. However, since this peak does not extend above 2eV, we
expect that it does not influence absorption at 2.33 eV significantly. In the absence of other experimental data we
expect that also for δ ≈ 0.8 YBCO temperature dependence of the correction constants is small enough that it does
not significantly influence our interpretation of the results, while the data for δ ≈ 0.1 are in principle more reliable,
and the assumptions are experimentally verified. In summary all the necessary correction factors can be accurately
obtained and cross-checked experimentally giving us confidence of the accuracy of the measured nneq.
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IV. DISCUSSION
A. Estimate of the carrier lifetime and discussion of the probing process
In a system as complex as YBCO there are many low energy excitations apart from optical phonons (e.g. magnons)
that can take up the relaxing-PE-carrier energy. In our experiment, only the optical-phonon part of the relaxed energy
can be accessed. Despite unknown branching ratios to observed optical phonons, the magnitude of the effective PE-
cxarrier lifetime can be estimated by comparing data for the 1.5 ps and 70 ps experiments in terms of a simple
model.
In the model we describe the PE carriers with their volume density, nc, and the effective lifetime τc. The effective
lifetime includes the PE-carrier relaxation to all possible channels. The time-dependence of the carrier number density
nc is given by a simple relaxation-time aproximation:
dnc(t)
dt
= −
nc(t)
τc
+ κg(t), (7)
where κ is the absorption coefficient and g(t) is the incident photon flux density following the temporal profile of the
laser pulse. Assuming that at least a part of the PE-carrier energy is transferred to optical phonons whose anharmonic
lifetime is τp (A part of the PE carrier energy my be as well transfered to other low energy excitations.), the time
dependence of nneq is described by:
dnneq(t)
dt
= −
nneq(t)
τp
+
cpc
Np
nc(t)
τc
. (8)
The second term on the right hand side is the phonon generation rate where cpc is the average number of phonons
created by a carrier, which implicitly includes also the branching ratio to optical phonons, and Np is the number of
different phonon modes per volume unit involved in the relaxation process.
Since a pump pulse is simultaneously a probe, the measured nonequilibrium-phonon occupation number nneq is
given by the equation (4). The laser pulse shape g(t) is assumed to have a Gaussian temporal profile,
g(t) =
√
2
pi
j0
T
τL
exp
(
−
2t2
τL2
)
(9)
where τL is the laser pulse length, T the pulse repetition period and j0 the average photon flux density.
Equations (7), (8) and (4) are numerically integrated to obtain nneq as a function of the inverse PE-carrier relaxation
time, τ−1c . The resulting curves for the two experimental pulse lengths and different phonon lifetimes are shown in Fig.
6. For 1.5-ps pulses nneq increases almost linearly with increasing τ
−1
c for long PE-carrier lifetimes and it saturates
when τ−1c approaches τ
−1
L . For the 70-ps pulses the initial increase is less steep, saturation is stronger due to smaller
value of τ−1L and it sets in at smaller values of τ
−1
c . For both pulse lengths nneq increases with increasing phonon
lifetime with a stronger increase for the 70-ps pulses.
To enable comparison of the experimental data with the model, we estimate the phonon lifetimes from the phonon
Raman linewidths. At room temperature for δ ≈ 0.1, ∆ω ≈ 50 cm−1 and ∆ω ≈ 20 cm−1 for the apical-oxygen
phonon and the planar buckling phonon respectively. For δ ≈ 0.8, the apical-oxygen phonon linewidth is ∆ω ≈ 30
cm−1 and the planar-buckling phonon one is ∆ω ≈ 18 cm−1. Although this includes also inhomogeneous broadening
we can estimate the lower limit for the phonon lifetimes which is sufficient for our discussion. We obtain τp ∼ 0.2 ps
for the apical-oxygen phonon and τp ∼ 0.4 ps for the planar buckling phonon. This is consistent with the values of
∼ 0.5 ps obtained for both phonons from experimental temperature dependencies of phonon linewidths21–23.
The room temperature value of nneq in the superconducting sample with δ ≈ 0.1 is nearly the same for both 1.5
and 70 ps pulse lengths. Taking the room temperature phonon lifetime of ∼ 0.5 ps we estimate from the crossection
of the curves for τp = 0.5 ps (the curves with square symbols) in Fig. 6 an effective PE-carrier-energy lifetime to be
in the range 10 ∼ 100 ps. Here we use the fact, that the position of the crossection along abscise does not depend
on the unknown coupling parameter
cpc
Np
and therefore on the branching ratios to different excitations. We stress here
that this is an estimate of the time it takes for the carrier to reach equilibrium and not of its lifetime in the excited
state as implied by the model, which uses only a simple relaxation-time aproximation for description of the PE-carier
system.
Using the result that the phonon lifetime is apparently much smaller then the effective PE-carrier lifetime, the
number of emitted phonons per unit volume is:
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Np ≈
cpc
nneq
τp
τc
nc. (10)
In our experiment, the PE-carrier density nc ∼ 4 × 10
18 cm−3. Since the photon energy is 2.33 eV and the phonon
energy of ∼ 50 meV, 10 ∼ 40 phonons are released per absorbed photon. Taking the room temperature experimental
value of nneq, we get Np ∼ 10
18 cm−3 which is much smaller than the density of phonon modes in an optical-phonon
branch. Since Raman scattering probes the phonons with wavevectors near the center of the Brillouin zone, this
would imply that the PE carriers relax primarily by emitting low momentum optical phonons near the center of the
Brillouin zone. Alternatively, in a scenario which is consistent with the relaxation mechanism proposed in the next
section - together with the low dispersion and short anharmonic lifetime of the optical phonons - the k-selection rule
is no longer valid and the vibrational modes excited by carriers are local modes for which the Raman k → 0 selection
rule is not relevant.
From Fig. 6 it can be seen that nneq increases with increasing phonon lifetime and decreases with decreasing
PE-carrier relaxation rate τ−1c . Since τp increases slightly with decreasing temperature, we can state with confidence
that the observed strong temperature dependence of nneq is not a result of the temperature dependence of τp. The
temperature dependence of nneq can as well be a consequence of temperature dependence of the coupling parameter
cpc
Np
. In this case however, the observed temperature dependence of nneq should be the same for different excitation
laser pulse lengths, which is not the case in our experiment. We therefore conclude that that the observed strong
temperature dependence of nneq is mostly a consequence of a decrease of the PE-carrier energy relaxation rate with
decreasing temperature.
B. Carrier relaxation via localized states
The hot-carrier energy relaxation rate, rE , in semiconductors with hot-carrier energy E >> kT and where carriers
are assumed to relax via extended states, is virtually independent of the lattice temperature irrespective of whether
the electron-phonon interaction is via deformation potential or via polar optical scattering.24
In contrast, the measurements of nneq in YBCO show a strong temperature dependence of rE for both δ ≈ 0.1
and 0.8. In addition, we find an unusually long room-temperature effective PE-carrier lifetime (which is the total
time the carrier is out of equilibrium) so we propose that the PE-carrier relaxation in YBCO proceeds by hopping
through a band of localized states. There are however other possible mechanisms giving temperature dependence of
the PE carrier relaxation rate (e.g. strong band dispersion or/and correlation effects). But the fact, that PE-carrier
relaxation virtually freezes out at low temperatures (as indicated by almost two orders of magnitude drop of the nneq
with decreasing temperature) defenitely favors the PE carrier localization.
The temperature dependence of electronic relaxation in localized state systems has so far been discussed in detail
only in the context of charge transport and the frequency-dependent conductivity σ(ω)25–27. The relaxation processes
discussed in these works generally consider the hopping behavior of carriers near EF , since they are interested primarily
in low-frequency properties of such materials. In our case the carriers are excited far above equilibrium and so these
models can not be directly applied, although the basic mechanisms for hopping can be similar and indeed the predicted
temperature dependence of the conductivity is similar as we observe for the PE-carrier energy relaxation rate.
The relaxation of PE carriers can proceed either via intra-gap defect states as in a Fermi glass5, or through self-
trapped polaron states. The existence of polaronic self-trapped states in superconductor insulator precursors with
binding energies in the range of 60 - 100 mV has been known from photoinduced absorption and fits to the mid-
infrared region (0.1-0.5 eV)28. The T -dependence of the hopping rate in this case is essentially determined by the
barrier height, W which is related to the polaron binding energy EB and so the temperature dependence of rE is
essentially given by the expression for activated hopping25.
Alternatively in the Fermi-glass picture, the carriers relax to lower energy mainly by tunneling through a cascade
of neighboring states. However, occasionally they have to hop upwards because there are no neighboring sites with
lower energies available giving rise to a temperature dependent relaxation. The probability for transition upwards is
proportional to w0 exp(−W/kBT ), where W is the energy difference between neighboring localized states, and w0 the
probability for transition downwards. If p is the probability that during relaxation a carrier hops to a site with all
neighboring sites at higher energy then the carrier energy change after N hops is
∆E =WNp−WN (1− p) = WN (2p− 1) . (11)
The average time needed for N hops is
∆t = Np
[
w0 exp
(
−
W
kBT
)]
−1
+N(1− p)w−10 , (12)
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since the average time for a hop is inversely proportional to the transition probability. The energy relaxation rate rE
is then given by
∆E
∆t
= −
w0W
p
[
1− p
p
+ exp
(
W
kBT
)]
−1
. (13)
At low enough temperatures, such that kBT <
W
ln( 1−pp )
, and neglecting the temperature-dependence of w0, we obtain:.
∆E
∆t
≈ −
w0W
p
exp
(
−
W
kBT
)
To enable such behavior up to room temperature as observed in our experiment, p has to be larger than ∼0.2. If a
uniform distribution of localized states over an energy interval is assumed, then for a localized state which lies in the
middle of the energy band, the probability that all its neighboring sites are at higher energy is 0.25 when each site
has two neighbors (chains) and 0.0625 in the case of four neighbors (planes), so our experiments suggest that carriers
are localized in an one-dimensional (1D) structure.
For δ ≈ 0.1, the chains are the most obvious 1D feature in YBCO. However, apart of the chains there are also
other possibilities of 1D structures, for example a cross-section of twin boundaries and the CuO2 planes, in-plane
stripes29 or 1D charge density wave structures30 which have all been reported in YBCO. However, the latter two are
observed only at lower temperatures while the relaxation scenario which we are discussing is essentially the same at
room temperature, apparently making these two possibilities less likely. In the insulator, with δ ≈ 0.8 there are no
fully occupied chains and no twin boundaries, but the number of neighbors is small and there is some local chain
formation31 in the basal plane, so the picture is also consistent with the proposed Fermi glass relaxation mechanism.
The activation energies we obtain from the fits in Figures 4 and 5 are consistent with the values obtained in transient
photoconductivity measurements5, and also with polaron binding energies obtained from fits to the mid-infrared
conductivity spectra in YBCO28. Although the value Ea = 210 meV obtained for the apical O vibration in the
insulator is rather high, the implication of a deeper potential for carriers trapped in the Cu-O chains is consistent
with calculations33.
C. Discussion of the implications regarding the electronic structure
In our experiments the carriers are excited within 2.33 eV of the EF . To determine the final states of the PE
process one has to identify the relevant optical transitions at a given photon energy. Fortunately, for δ ≈ 0.1 YBCO,
the optical transitions can be identified with help of LDA band structure calculations together with experimental
ellipsometry data7. For c-axis polarized light the transitions are from the in-CuO2-plane pdσ antibonding bands lying
∼ 1 eV below the Fermi energy to the chain antibonding O(4)-Cu(1)-O(1) pdσ band32. For light polarized parallel
to the CuO2 planes, transitions are largely (although not exclusively) with both initial and final states in the CuO2
planes. The initial states lie ∼ 2 eV below the Fermi energy, and the final states lie just above EF . In addition, there
are also some transitions between different Cu(1)-O(1) chain bands for light polarized along the b-axis.
In insulating YBCO with δ ≈ 0.8, optical transitions in this energy range are somewhat harder to identify, since due
to strong electron correlation effects LDA calculations cannot be used as a reliable guide to the transitions involved.7
However, from the resonant Raman data on δ ≈ 0.9 samples Heyen et al.12 conclude, that for light polarized parallel
to the CuO2 planes the transitions involved in the energy range up to ∼ 2.5 eV are from the charge-transfer (CT)
band to the upper Hubbard band (UHB). For c-axis polarized light, the transitions in the same energy range are
assigned12 to transitions from initial states in the occupied Cu(1)d3z2−r2-O(4)pz dumbbell band to final states in the
UHB which has also some Cu(2)d3z2−r2 character.
Thus both in insulating and metallic YBCO, PE involves electronic transitions from planes to chains (or Cu(1)-O(4)
dumbbells in the case of insulating YBCO) or vice versa for c-axis polarized light and mostly transitions in the CuO2
planes for in-plane polarized light. However, since the PE carriers can partially relax before localization, the position
of localized states relative to the EF can not be inferred from the position of the initial PE states, which is only the
upper boundary. Taking into account that in the present experiments only the PE carriers with energies above the
phonon energy are detected, the observed localized states are at least one phonon energy away from the EF . We
cannot determine whether the localized states are above or below EF since either holes or/and electrons can relax
producing optical phonons.
In insulating YBCO with δ ≈ 0.8 the apical oxygen phonon shows significantly higher nonequilibrium phonon
occupation numbers then the planar-buckling one. This is consistent with stronger localization in the basal plane
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or in the Cu(1)-O(4) dumbbells. On the other hand, for δ ≈ 0.1, the difference between planar-buckling and apical-
oxygen phonon nonequilibrium phonon effects is less dramatic, but somewhat surprising is the implication by the data
that localized states exist also in the CuO2 planes in the normal state of the optimally doped material.
The origin of the carrier localization is still not clear. Single-particle spectra from angle-resolved photoemission
spectroscopy35 imply the existence of a narrow band close to the Fermi energy. The origin of the band narrowing
could be Holstein narrowing due to lattice polarons for example, or an effect of electronic correlations, or most likely
both. The bandwidth observed experimentally is comparable to kT and lattice imperfactions or defects can easily
lead to carrier localization within such a band. However, it is also apparent from ARPES that a - possibly incoherent -
background has non-zero spectral weight extending up to the Fermi energy, and these states could well be responsible
for the temperature-dependent carrier relaxation. In any case, any tendency for carrier self-localization effects will be
enhanced even further by the significant disorder present in these materials.
V. CONCLUSIONS
In conclusion, the pulsed resonant Raman scattering experiments show quite clearly - and independently of the
model for the relaxation process - that some PE carrier relaxation proceeds via localized states. The comparison
of the measurements with 1.5-ps and 70-ps laser pulses indicates that in metallic (δ ≈ 0.1) YBCO the effective
room temperature PE-carrier lifetime before it reaches equilibrium is in the range of 10-100 ps, while for δ ≈ 0.8
the lifetime is shorter, probably in the 1 ps range. The present data and relaxation scenario are in agreement with
recent photoinduced absorption measurements by Thomas et al.34 who observed a long-lived relaxation component
after laser photoexcitation in metallic YBa2Cu3O6.9 and Bi2Sr2CaCu2O8+δ which they also attributed to carrier
localization effects in the normal state of the superconductor.
Theoretically, relaxation via either polaronic states or a Fermi glass relaxation scenario can both reproduce the
experimental temperature dependence of the carrier relaxation, the latter model suggesting that the states through
which the relaxation takes place are in one-dimensional chains. Although the position of the localized states in real
space can be discussed with some degree of certainty, we can only state that the localized states lie within a 2.3 eV
wide band around EF and relaxation measurements - either Raman or time-resolved photoinduced absorption - with
different laser wavelengths would be necessary to determine their energy more precisely. The presence of localized
states in the optimally doped superconductors is believed to have important consequences both for superconductivity
and hot-carrier device design using these materials.
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FIG. 1. The phonon Raman spectra of the apical-oxygen phonon (a) and the planar buckling phonon (b) in δ ≈ 0.1 YBCO
as a function of temperature at the 70-ps excitation. The spectra are vertically shifted for clearity. At lower temperatures the
planar-buckling-phonon lineshape is distorted due to the low spectrometer resolution.
FIG. 2. The nonequilibrium phonon heating as a function of temperature for the apical-oxygen phonon (a) and the planar
buckling phonon (b) in the δ ≈ 0.8 YBCO. Error bars represent standard errors obtained from fits of the Raman intensities.
FIG. 3. The nonequilibrium phonon heating as a function of temperature for the apical-oxygen phonon (a) and the planar
buckling phonon (b) in the δ ≈ 0.1 YBCO. Error bars represent errors obtained from fits of the Raman intensities.
FIG. 4. Arrhenius plots of nδ=0.8neq versus temperature for the apical-oxygen phonon (a), and the planar buckling phonon (b)
in the δ ≈ 0.8 YBCO. The solid lines are Arrhenius fits to the data. Error bars represent errors obtained from fits of S and A
intensities.
FIG. 5. Arrhenius plots of nδ=0.1neq versus temperature for the apical-oxygen phonon (a) and the planar buckling phonon (b)
in the δ ≈ 0.1 YBCO. The solid lines are Arrhenius fits to the data. Error bars represent errors obtained from fits of S and A
intensities.
FIG. 6. The calculated nonequilibrium phonon occupation number (4) as a function of the inverse PE-carrier relaxation
time, τ−1c , for two different pulse lengths and different phonon lifetimes, τp. The number of photons per pulse as wel as ratio
cpc/Np are the same for both pulse lengths. In this model τ
−1
c is proportional to the PE-carrier energy relaxation rate rE.
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